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The toxin-coregulated pilus (TCP) of Vibrio cholerae is required for intestinal colonization and cholera toxin
acquisition. Here we report that TCP mediates bacterial interactions required for biofilm differentiation on
chitinaceous surfaces. We also show that undifferentiated TCP~ biofilms have reduced ecological fitness and,
thus, that chitin colonization may represent an ecological setting outside the host in which selection for a host

colonization factor may take place.

Vibrio cholerae, the causative agent of the diarrheal disease
cholera, is a waterborne bacterium well known for its genome
plasticity and clonal diversity (25). Interestingly, only 2 of the
more than 200 O-antigen serogroups known to date, O1 and
0139, cause epidemic cholera. It is clear that the acquisition of
certain genes encoding virulence factors has enabled certain
strains of V. cholerae to colonize the human intestine and cause
disease (21). The most important of these virulence factors are
cholera toxin (CT), which is encoded within the genome of the
filamentous bacteriophage CTX¢ and thus horizontally trans-
ferred (29), and the intestinal colonization factor toxin-coregu-
lated pilus (TCP) (28), which is encoded in the vibrio patho-
genicity island (12). The acquisition of the vibrio pathogenicity
island, by yet-unclear mechanisms (6), is a critical event in the
evolution of epidemic strains of V. cholerae, since TCP also
serves as a receptor for CTXd (29).

There is enough evidence supporting the concept of an
aquatic reservoir of pathogenic V. cholerae organisms (4, 9, 15),
and it has become apparent that toxigenic strains have origi-
nated from environmental, nontoxigenic clones (2, 11). How-
ever, the selective pressures that may act to generate environ-
mental virulent clones remain to be elucidated. Infections
upon ingestion of contaminated seafood (13, 25) and V. chol-
erae’s enhanced survival in both the natural environment and
the acidic stomach environment when attached to chitinaceous
surfaces (1, 20) strongly point to a common link between the
colonization of chitin-containing aquatic organisms, such as
crustaceans (9), and the persistence of this pathogen in aquatic
ecosystems. Chitin, the most abundant natural polymer in
aquatic environments, serves as a source of carbon and nitro-
gen for the growth of a wide range of microbes, including V.
cholerae (20), as well as a surface for the formation of surface-
attached communities or biofilms (31). In order to gain insight
into the genetic basis for biofilm formation on chitin, we per-
formed an unbiased genetic screen to identify Tn/0 insertion
mutants of a gfp-tagged pandemic V. cholerae El Tor strain
(N16961) with defects in the colonization of chitin (the results
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of this screen will be published elsewhere). Briefly, the screen
was performed in 96-well fluorescence black microtiter plates
(clear bottom; Corning) whose wells had previously been
coated with films of chitin, which were prepared by dissolving
finely ground chitin flakes (Sigma) in a solvent of dimethyl-
acetamide and LiCl to a final concentration of 1% (wt/vol) (30,
33) and by using NG2 mineral medium (K,HPO,, 184 mM;
KH,PO,, 17 mM; MOPS [morpholinepropanesulfonic acid],
40 mM; NaCl, 86 mM; MgSO, - 7TH,0, 2 mM; FeSO, - 7TH,0,
10 wM; and CaCl, - 2H,0O, 1 mM) (pH 7.8). After 48 h of
incubation at 37°C, mutants with colonization defects were
identified by measuring the levels of fluorescence associated to
the chitin-coated wells. Among the ca. 4,400 TnI0 insertion
mutants screened, we identified 126 with colonization defects,
including several carrying transposon insertions in genes im-
plicated in the biosynthesis and assembly of TCP, such as tcpB,
tecpE, tepG, and tepT (8, 18, 23), suggesting a yet-unrecognized
role for TCP in the colonization of chitinaceous surfaces. To
further investigate this, we used scanning electron microscopy
to visualize the development of wild-type (WT) and TCP mu-
tant (a mutant deficient in TcpA, the TCP pilin subunit [7])
biofilms on the surfaces of chitinaceous squid pens (19, 26)
(Fig. 1) by growing the bacteria at 37°C in NG2 mineral me-
dium with sterile pieces of squid pen that had been previously
washed and autoclaved in phosphate saline buffer. The WT
and TCP mutant biofilms were indistinguishable during the
first 24 h, both showing a monolayer of cells evenly coating the
surfaces of squid pens. By 48 h, the formation of microcolonies
was apparent in the WT biofilm, which further differentiated
into structured biofilms in the course of the next hours,
whereas the TCP mutant biofilms remained unstructured and
never formed microcolonies (Fig. 1). Biofilm differentiation in
a gfp-tagged WT strain directly correlated with increases in the
bacterial biomass associated with the chitinaceous surface,
which was detected by measuring the fluorescence from biofilm
cells previously detached by sonication (Fig. 2A). However, the
numbers of attached TCP ™ cells remained constant even after
prolonged incubation. Differences in biomass inversely corre-
lated to differences in chitinase activity, assayed with 4-methyl-
umbelliferyl (4MU)-chitobiose, a 4MU-conjugated substrate
analog of chitotriose (22), associated with biofilm cells (Fig.
2B), suggesting that biofilm differentiation on the nutritive
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FIG. 1. Scanning electron microscopy of WT and TCP™ mutant biofilms at 48, 72, and 96 h. The arrow points at microcolonies of the WT strain
formed during the development of WT biofilms on the surface of the squid pen. TCP™ biofilms remained undifferentiated. Bars, 10 pm.
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FIG. 2. Colonization of squid pens by a WT and a TCP™ mutant strain of V. cholerae. (A) Biofilm development over a 96-h period. Biofilm
biomass was estimated by measuring the fluorescence from gfp-tagged cells (expressed as relative fluorescence units [RFUs]). (B) Chitinase activity
associated with biofilm cells of the WT and TCP~ mutant strains during the colonization of squid pens. Specific activities of units of chitinase
activity (U, described as the amount of enzyme that released 1 pmol of 4MU per min under the assay conditions) per RFU are shown.
(C) Immunodetection of TcpA, the TCP pilin subunit, in biofilm cells in the course of 96 h and in planktonic cells at 24 h (Plank). (D) Immu-
nodetection of TcpA in cultures grown under TCP-inducing conditions (AKI medium) or grown for 24 h in the absence of a chitinous surface in
NG2 mineral medium with lactate and NH,CI (L/N) or with colloidal chitin (CollCh), and in LB medium.
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FIG. 3. Mixed biofilms of WT and TCP  mutant strains.
(A) Phase-contrast micrograph showing the differentiated biofilms de-
veloped on the surface of a squid pen by a 50:50-mixed culture of a WT
and a gfp-tagged TCP™ mutant strain over a 96-h period. (B) Fluores-
cence micrograph placed over the micrograph in panel A showing the
uniform distribution of the gfp-tagged TCP~ mutant strain within the
mixed biofilms. Bars, 10 pwm.
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surface provides bacteria with a competitive strategy for de-
grading the recalcitrant substrate. The rates of growth on sol-
uble products of chitin degradation, such as N-acetyl-glu-
cosamine, or rates of growth or degradation of colloidal chitin,
an acid-processed form of chitin, were comparable in both
strains.

Expression of TCP during biofilm formation on chitin sur-
faces. As illustrated in Fig. 2C, TcpA, the TCP pilin subunit,
was detected using anti-TcpA polyclonal antibodies (27) at
comparable levels in both structured and unstructured biofilms
and in planktonic cells. However, transduction frequencies of a
CTX-Kné phage, which provide evidence for surface-associ-
ated TCP (29), were already detected in WT cells detached
with glass beads from 24-h biofilms (transduction frequencies/
ml, 0.35 = 0.15) and were highest in cells from 48-h biofilms
(transduction frequencies/ml, 13.80 = 0.20), when microcolony
differentiation occurs. There was a drop in transduction fre-
quencies in later sages of biofilm differentiation (transduction
frequencies/ml, <0.01), which may reflect the inaccessibility of
the TCP pili within the biofilm matrix. Similar transduction
frequencies were detected in WT planktonic cells at the dif-
ferent stages. TcpA expression was not detectable in cells
grown in the same medium used for the biofilm assay but with
soluble carbon and nitrogen sources (Fig. 2D), nor were TCP
filaments apparent in negative stains by transmission electron
microscopy, but it was detected when cells were grown under
the special in vitro culture conditions (AKI conditions [10])
required by V. cholerae El Tor for expression of CT and TCP.
Cells from cultures grown with colloidal chitin, whose colloidal

FIG. 4. Effect of SDS treatment on WT and TCP™ mutant biofilms on a squid pen. Three-dimensional side views, generated by confocal
scanning laser microscopy, of SDS-treated (+ SDS) or untreated (— SDS) biofilms of the WT and TCP mutant strains of V. cholerae showing the
detachment of most cells from the undifferentiated TCP™ biofilm after SDS treatment are presented; the structured WT biofilms remained
unaffected. The substratum (squid pen) is located at the bottom of the images. Bars, 50 pwm.
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nature prevented the availability of a steady surface for biofilm
formation while still serving as a source of carbon and nitro-
gen, also showed no detectable levels of TcpA expression (Fig.
2D). Therefore, the colonization defect of the TCP mutant was
not likely caused by differences in the rates of surface attach-
ment or rates of growth.

Role of TCP in biofilm differentiation. The lack of observ-
able differences in the numbers of cells attaching to squid pens
during the early stages of colonization (Fig. 2A) indicated that
TCP does not function as an adhesin. Similarly, TCP does not
appear to mediate direct contact with the intestinal epithelium
during infection but, rather, mediates bacterial interactions
required for microcolony formation and successful coloniza-
tion (14). To investigate an analogous role for TCP in micro-
colony formation on chitin, we carried out competition exper-
iments and examined the ability of a gfp-tagged TCP™ mutant
strain to aggregate and form differentiated biofilms with an
unmarked WT strain. Although the mutant showed a reduced
competitive index (0.211 =+ 0.011, calculated as the ratio of the
number of CFU of the mutant strain from a 96-h biofilm on a
squid pen to the number of WT and mutant input CFU),
coincubation with the WT strain rescued the mutant pheno-
type, and fluorescence from the TCP mutant cells was present
uniformly within the WT biofilm pillars (Fig. 3). Thus, similarly
to its role during intestinal colonization, TCP may mediate
bacterial interactions during biofilm differentiation on chitina-
ceous surfaces.

Biofilm differentiation and ecological fitness. Because un-
differentiated biofilms have previously been shown to lack the
trademarks of biofilm physiology, such as biocide resistance
(5), we examined whether the undifferentiated TCP mutant
biofilms of V. cholerae might have increased sensitivity to cer-
tain stresses, such as the biocide sodium dodecyl sulfate (SDS)
(Fig. 4). Whereas exposure for only 5 min to 0.2% SDS de-
tached most of the cells from the mutant biofilm, no detectable
effect was observed in the WT biofilms even after incubation at
room temperature for 30 min. Hence, the inability of TCP ™
strains of V. cholerae to form differentiated biofilms on chiti-
naceous surfaces is likely to have a significant impact in the
environmental fitness of this pathogen. TCP* biofilms also
concentrate a greater number of cells on the nutritive surface,
which synergistically act to secrete chitinolytic enzymes to de-
grade the chitin while providing a mechanical barrier to the
diffusion of soluble hydrolysis products, thus maximizing sub-
strate utilization and preventing the release of chemoattrac-
tants for bacterial competitors.

Implications for the evolution of toxigenic strains. TCP also
serves as a receptor for CTXd; therefore, expression of TCP
during the formation of biofilms also makes V. cholerae sus-
ceptible to CTX¢ transduction. Although the El Tor strain
used in this work already carries a chromosomal copy of the
CTX¢ prophage, incubation of undisrupted biofilms with a
CTX-Kn¢ phage for only 30 min resulted in transduction fre-
quencies of one transductant per 10* cells. Because biofilms
provide an ideal environment for the events of horizontal gene
transfer thought to be responsible for the acquisition of new
genes, including genes coding for virulence factors (32), the CT
genes might readily be acquired upon expression of functional
TCP within the context of a biofilm.
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Conclusions. While two other pili produced by V. cholerae,
the mannose-sensitive hemagglutinin and the chitin-regulated
pilus, have been reported to contribute to the colonization of
chitin surfaces (3, 17), an environmental role for the TCP pilus,
a virulence determinant, had not previously been demon-
strated. The data presented here strongly suggest that clones of
V. cholerae capable of synthesizing functional TCP are likely to
be selected for within chitin-associated biofilms present in
aquatic environments. Evidence to date supports the concept
of specific symbiotic relationships between V. cholerae and
chitinous animals, such as copepods (4, 9, 15), and climate-
related zooplankton blooms have been correlated to cholera
outbreaks (15, 16, 24), supporting the model of selection of
virulence factors such as TCP during V. cholerae’s colonization
of chitinaceous surfaces. Our findings provide evidence that
some of the same virulence factors used by pathogens during
infection might have a role in their natural habitat. Hence, the
evolution of virulence in bacteria such as V. cholerae might be
dictated by factors outside the host, and mechanisms of viru-
lence, as we understand them, are likely to be a reflection of
adaptive mechanisms to the environment.
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